Haem controls the rate of haem synthesis in erythroid cells by inhibiting iron incorporation from transferrin. The present results indicate that haem primarily inhibits the release of iron from transferrin subsequent to transferrin endocytosis and that the inhibition, of transferrin endocytosis caused by relatively high concentrations of haem is a secondary effect. Low concentrations of haem (10-25 ftM) significantly inhibit reticulocyte iron uptake and to a greater extent its incorporation into haem, but do not inhibit either the initial rate of transferrin uptake or its internalization by the cells.
INTRODUCTION
Haemoglobin synthesis in erythroid cells requires a balanced supply of iron, protoporphyrin and globin chains. In both reticulocytes Schulman et al., 1974a) and nucleated erythroid cells (Glass et al., 1975 ) a pool of non-haemoglobin haem plays a key role in co-ordinating haem and globin synthesis (London et al., 1964) . Haem stimulates the initiation of globin-chain translation (Zucker & Schulman, 1968 ) by inhibiting a protein kinase that, in the absence of haem, phosphorylates and inactivates the initiation factor eIF-2 (Pain, 1986) . In addition, haem probably also controls globin-gene transcription (Hoffman & Ross, 1980; Fuchs et al., 1981) .
In erythroid cells haem also inhibits iron uptake from transferrin (Ponka & Neuwirt, 1969) , which is the only physiological donor ofiron for haemoglobin synthesis. By this mechanism the overall rate of haem synthesis in erythroid cells is controlled by haem, since the uptake of iron from transferrin is the rate-limiting step in erythroidcell haem biosynthesis (Ponka & Schulman, 1985b; Laskey et al., 1986) . The molecular mechanism and step at which haem inhibits the acquisition of iron from transferrin are unknown and require clarification. The uptake of iron for haem synthesis in erythroid cells involves the binding of Fe-transferrin to specific receptors on the cell surface, internalization of the Fe-transferrinreceptor complexes in endocytic vesicles, release of iron and its transport to mitochondrial ferrochelatase by an unknown mechanism, and return of transferrin-receptor complexes to the surface, where apotransferrin is released (Morgan, 1981) .
Originally it was proposed that haem inhibits either iron (Ponka et al., 1974) or bicarbonate (Schulman et al., 1 974b) release from transferrin, but more recently (lacopetta & Morgan, 1984; Cox et al., 1985) it was suggested that haem inhibits the internalization of transferrin by immature erythroid cells. In the present study we re-examined the effect of haem on Fe-transferrin interaction with reticulocytes. Our results indicate that, at low concentrations, haem inhibits the Fe-transferrin cycle without inhibiting transferrin internalization. However, at higher concentrations (-50 tM) haemin inhibits transferrin internalization to a certain extent, but this is probably secondary to its primary interaction with a step subsequent to the endocytosis of transferrin-receptor complexes.
EXPERIMENTAL Chemicals
Iron-free rabbit transferrin was prepared (MartinezMedellin & Schulman, 1972) and radioactively labelled with 59Fe (Martinez-Medellin & Schulman, 1972) and 125I (David, 1972 Reticulocytosis was induced in male rabbits by repeated bleedings (10 ml/day per kg body wt.) by cardiac punctures, and reticulocytes were prepared, washed and incubated as described previously (Ponka et al., 1982; Ponka & Schulman, 1985a) . The incubation medium (Schulman, 1975) adjusted to pH 7.5, consisted of three parts of an amino acid mixture containing (mM) alanine (2.0>, arginine (0.5), aspartic acid (2.85), glycine (5.3), histidine (2.4), isoleucine (0.3), lysine (1.8), methionine (0.3), phenylalanine (1.6), proline (1.4), serine (1.65), threonine (1.7), tryptophan (0.3), tyrosine (0.8), valine (3.2), hydroxyproline (1.1), cysteine (0.4) and glutamine (8.0) in 0.13 M-NaCl/5 mM KCI and 7.4 on the incorporation of 59Fe into haem 25sI-Transferrin internalization was determined by using the acid-wash method described in the Materials and methods section.
Results are averages of duplicates of a typical experiment.
samples were incubated at 4 'C. In experiments examining the effect of haemin, bovine serum albumin, which binds haemin 1251-transferrin was calculated. The acid-wash technique is based on the release of iron from transferrin at pH 5.0 and the observation that apotransferrin dissociates from the receptor at pH 7.4 (Ecarot-Charrier et al., 1980) . After their incubation with 1251-transferrin and washing, reticulocytes were resuspended in 1 ml of ice-cold lowpH buffer (150 mM-NaCl/25 mM-sodium acetate/0. 1 Mdesferrioxamine, pH 5.0), incubated for 60 min on ice, centrifuged, and washed with 1 ml of ice-cold buffer (150 mM-Tris/HCl/50 mM-NaCl/0. 1 M-desferrioxamine, pH 7.4). The content of 1251 in cells and in portions of the buffers were measured, and the percentages of 1251-transferrin remaining in the cells after this washing procedure were calculated.
RESULTS
Reticulocytes were incubated with or without haemin and with saturating concentrations of 1251,59Fe-transferrin for 20 min, at which time the uptake and release of transferrin reaches steady state. Table 1 transferrin internalization as determined-by the resistance of the transferrin to digestion by Pronase. However, 10 and 25 /tM-haemin significantly inhibit total cellular iron uptake and incorporation into haem. On the other hand, 50 /IM-haemin inhibits iron incorporation into haem by 87 %, and the uptake of transferrin by 1%, a larger fraction of which is accessible to digestion by Pronase.
This indicates that 50 ,tM-haemin inhibits the internalization of transferrin, causing a higher proportion of transferrin to accumulate at the cell surface. This was confirmed by the acid-wash technique to remove surfacebound transferrin. Fig. 1 shows that, when compared with control cells, incubating reticulocytes with 50 ,CMhaemin causes a significantly larger proportion of transferrin-to be removed from the cells by exposing them to pH 5.0. As in the previous experiments (Table 1) , 10 and 25 #tM-haemin did not inhibit transferrin internalization by reticulocytes (Fig. la) , but did cause considerable decreases in the incorporation of 59Fe into haem (Fig. Ib) . Fig. 2 shows that although haemin does not affect the amount of 1251-transferrin associated with reticulocytes at steady state, it may, especially in higher concentrations, inhibit the initial rate of transferrin uptake. Therefore, the effect of haem on the initial rates of uptake of 59Fe and 1251-transferrin were measured at 30 s intervals (Fig.   3 ). As shown in Fig. 3 , after 2 min, 50 /tM-haemin only slightly inhibits transferrin uptake, but inhibits total cellular iron incorporation earlier and to a much greater extent. This discrepancy is even more apparent with 25,uM-haemin, which hardly effects transferrin uptake but which significantly inhibits iron incorporation within 60 s of incubation. The earliest and perhaps most significant effect of haemin is on the incorporation of 59Fe into haem, which is inhibited not only by 25 /,M-and 50 /iM-haemin, but also by 10 4uM-haemin, which has no effect on transferrin and total iron uptake during 4 min of incubation. Therefore it seems likely that the first effect of haemin is the inhibition of iron utilization for haem synthesis. This, however, is not caused by an inhibition of protoporphyrin production, which is unaffected by haem in reticulocytes (Ponka & Schulman, 1985a) . Moreover, the inhibition of reticulocyte protoporphyrin production by succinylacetone, an inhibitor of 6-aminolaevulinic acid dehydratase, does not inhibit the uptake of iron ( Fig. 4 ; Ponka et al., 1982) . The slight stimulation of cellular iron incorporation caused by succinylacetone, which probably results from a decrease in intracellular free haem, is not accompanied by an increase in transferrin uptake (Fig. 4) , suggesting that the uptake of transferrin is not the limiting step for iron acquisition by erythroid cells.
DISCUSSION
It has long been recognized that haem is a feedback regulator of haem synthesis in erythroid cells (London , 1964; Ponka & Neuwirt, 1969) , and although there is no doubt that haem inhibits haem synthesis in reticulocytes (Ponka et al., 1974; Schulman et al., 1974b; Morgan, 1981; Iacopetta & Morgan, 1984; Cox et al., 1985; Ponka & Schulman, 1985a) , in which it can affect only post-transcriptional processes, there has been controversy conceming the mechanism involved. The original (London et al., 1964) and widely held view (Ibraham et al., 1983 ) is that haem feedback-inhibits the first enzyme in the haem-biosynthetic pathway, namely 6-aminolaevulinic acid synthase. However, we have found that haem does not inhibit the activity of any of the enzymes of haem biosynthesis in rabbit reticulocytes, but rather inhibits the pathway by blocking the acquisition of iron from transferrin (Ponka & Schulman, 1985a) . It was proposed that haem inhibits either iron (Ponka et al., 1974) or bicarbonate (Schulman et al., 1974b) release from transferrin; however, the release of both are probably inhibited by the same mechanism, since iron release from transferrin is accompanied by the release of bicarbonate, and vice versa (Schulman et al., 1974b; Martinez-Medellin & Schulman, 1973) . More recently it has been suggested that haem inhibits the internalization of transferrin by reticulocytes (Tacopetta & Morgan, 1984; Cox et al., 1985) , but the results of the present study indicate that this is probably not the primary site of haem action. We demonstrated that, at low concentrations, haem inhibits cellular iron uptake and even more its incorporation into haem, but does not inhibit the initial rate of transferrin uptake or the internalization of transferrin by the cells. Since haem also does not inhibit the acidification of endosomes (Iacopetta & Morgan, 1984) , which is believed to play a major role in the removal of iron from transferrin, another step in the release of iron from transferrin either between transferrin internalization and acidification, or immediately after acidification, can be postulated, and this step may be present only in haemoglobin-synthesizing cells (Schulman et al., 1981) . Since haem at low concentrations inhibits total cellular iron uptake without affecting transferrin uptake and endocytosis, the extraction of iron from transferrin in haem-treated reticulocytes must be less efficient than in control cells. In support of this we have evidence .that the transferrin released from haem-treated cells contains more iron than the transferrin released from control cells (P. Ponka, H. M. Schulman & J. Martinez-Medellin, unpublished work). At higher concentrations (50 /tM), haem also inhibits the initial rate of the uptake of transferrin and its internalization by reticulocytes. However, under these conditions inhibition of Fe-transferrin endocytosis may be secondary to the very significant inhibition of iron removal from transferrin. Our data show that, in erythroid cells, haem, by primarily affecting iron release from transferrin, secondarily inhibits haem synthesis and slows down the transferrin cycle. It can be argued that exogenous haem is incorporated into globin, thus reducing the incorporation of 59Fe into haem by a 'dilution phenomenon'. However, this is not the case, since, in a previous study (Ponka & Schulman, 1985a) , added haemin did not inhibit "9Fe incorporation into haem when 59Fe-transferrin was replaced by 59Fe-pyridoxal benzoyl hydrazone, which bypassed the transferrin cycle. It can also be argued that 59Fe uptake from 59Fe-transferrin may be affected by unlabelled iron if this can be liberated from added exogenous haemin. However, there are several lines of evidence against this possibility. First, to the best of our knowledge, haem oxygenase, an enzyme splitting haem and releasing iron, has never been described in reticulocytes. Moreover, haem oxygenase in erythroid cells, in contrast with non-erythroid cells, is inhibited rather than stimulated by haem (Ibraham et al., 1983) . Secondly, although increased supply of iron to reticulocytes in the form of Fe-salicylaldehyde isonicotinoyl hydrazone inhibits 59Fe uptake from transferrin, this inhibition is not due to the iron per se. 5Fe uptake from transferrin is not affected by Fe-salicylaldehyde isonicotinoyl hydra-zone when haem synthesis is inhibited, indicating that it is haem accumulated in Fe-salicylaldehyde isonicotinoyl hydrazone-treated reticulocytes, rather than iron, which blocks the incorporation of 59Fe from transferrin (Ponka & Schulman, 1985b) . Thirdly, increasing the intracellular non-haem iron pool in reticulocytes by incubating them with inhibitors of haem synthesis does not cause a decrease in iron uptake from transferrin (Ponka & Neuwirt, 1969; Ponka et al., 1982; Fig. 4) .
Although our discussion has been limited to the shortterm inhibitory effect of haem on iron uptake from transferrin, it should be kept in mind that haem also plays a role in controlling the rate of haem synthesis during the induction of 'haemoglobinization' in less mature erythroid cells. During this period, haem may control the synthesis of 8-aminolaevulinic acid synthase (Beaumont et al., 1984) and may also inhibit the induction of transferrin receptors (Wilczynska et al., 1984) , the levels of which normally increase early in erythroid differentiation. It would be of interest to determine whether the haem-sensitive step in iron uptake from transferrin may be involved in the regulation of transferrin-receptor synthesis.
